We explore the quantified morphology of atomic hydrogen (H i) disks in the Virgo cluster. These galaxies display a wealth of phenomena in their H i morphology, e.g., tails, truncation and warps. These morphological disturbances are related to the rampressure stripping and tidal interaction that galaxies undergo in this dense cluster environment. To quantify the morphological transformation of the H i disks, we compute the morphological parameters of Concentration-Asymmetry-Smoothness, Gini and M 20 and our own G M for 51 galaxies in 48 H i column density maps from the VLA Imaging of Virgo spirals in Atomic gas (VIVA) project.
INTRODUCTION
The Virgo cluster represents an ideal laboratory for the study of galaxy evolution in a cluster environment. It is one of the nearest galaxy clusters (D∼17 Mpc), a relatively populous system (Abell richness class I), consisting of some two thousand catalogued members in the Virgo Cluster Catalogue (VCC, Binggeli et al. 1985) . The Virgo cluster is spiral-rich and dynamically young, i.e., made of ⋆ E-mail: benne.holwerda@esa.int galaxy subgroups which are falling into the main cluster. The most prominent groups are those associated with M86 to the west and M49 to the south. A particularity of the Virgo cluster is that the distribution of its hot intracluster medium is strongly peaked on the central cD galaxy M87 (Böhringer et al. 1994) , and overall highly sub-structured. The Virgo cluster is therefore ideal to study the effects of both gravitational interaction and interaction with the intracluster medium on the atomic gas (H i) disks of spiral members.
Morphological signs of tidal interaction are usually de-tected in the restframe ultraviolet or blue-filter optical images of the stellar disk. A series of morphological parameters, originally developed for galaxy classification, have been used extensively in recent years to identify disturbed galaxies, and to infer the merger fractions and rates over cosmological time scales (Lotz et al. 2004 Conselice 2003; Conselice et al. 2003 Conselice et al. , 2008 Conselice et al. , 2009 Bundy et al. 2005; Yan et al. 2005; Ravindranath et al. 2006; Trujillo et al. 2007; Jogee et al. 2009 ). The observational benefits are that the Hubble Space Telescope observations of high-redshift galaxies and ground-based observations of nearby galaxies (e.g., SDSS) probe the same wavelength, physical structure and volumes. However, in the nearby Universe, the 21 cm perspective on galaxies is set to catch up to the optical surveys in terms of numbers of galaxies studied. Currently under construction are two new radio observatories: the South African Karoo Array Telescope (MeerKAT; Jonas 2007; Booth et al. 2009; de Blok et al. 2009) , and the Australian SKA Pathfinder (ASKAP; Johnston 2007; Johnston et al. 2007 Johnston et al. , 2008a Johnston et al. ,b, 2009 . Together with refurbished observatories such as the Extended Very Large Array (EVLA; Napier 2006) and the APERture Tile In Focus instrument (APER-TIF; Verheijen et al. 2008; Oosterloo et al. 2009 ) on the Westerbork Synthesis Radio Telescope (WSRT), detailed H i maps of thousands of galaxies will become available. The unprecedented volume of data implies that the data reduction and subsequent morphological classification can only be done through automated procedures.
In the previous papers in this series (Holwerda et al. 2009 (Holwerda et al. , 2011b , we have shown that the morphological classifiers that are in use to identify mergers in the optical can be extremely useful for the H i perspective. The H i observations are not as high-resolution as the optical disk but this is compensated for by the larger extent of the atomic gas disk and the relative sensitivity of gas to an interactionfor which much anecdotal evidence already existed in "The H i Rogues Galaxies" catalogue (Hibbard et al. 2001) 1 . The sensitivity of H i surveys to gas-rich and minor mergers will provide the calibration for higher redshifts where these types of mergers are expected to be the dominant type of galaxy interaction (Lotz et al. 2010a,b) . The Square Kilometre Array (Carilli & Rawlings 2004) will subsequently be able to resolve H i disks at these higher redshifts.
The H i disks of spiral galaxies are also extremely sensitive to ram pressure by the intergalactic or intracluster medium. The Virgo cluster is an ideal laboratory to test the effects of both gravitational interaction and intracluster medium stripping on the quantified morphology of H i disks. There are detailed models of the gas stripping sequence (Vollmer 2009) , and a uniform H i data set from the VLA Imaging of Virgo spirals in Atomic gas (VIVA) project (Chung et al. 2009 ), with detailed notes on individual galaxies identifying morphological phenomena.
In this paper, we explore the distribution of the H i morphological parameters from the VIVA column density maps in relation to estimates by Chung et al. (2007) , Chung et al. (2009 ) or Vollmer (2009 of the star-formation rate, H i deficiency, stripping and gravitational harassment. First we discuss data and morphological parameters ( §2 and 3), but 1 http://www.nrao.edu/astrores/HIrogues/RoguesLiving.shtml readers already familiar with these can skip to results and conclusions ( §4 and 5).
VIVA DATA
The VIVA project (Chung et al. 2009 ) has compiled the largest high-resolution imaging H i database of the Virgo cluster to date. They have published 48 VLA H i data cubes and maps with 51 Virgo cluster spiral galaxies. These are some 40 new observations with the remainder from reprocessed archival data. We obtained the zero order moment maps from http://www.astro.yale.edu/viva/ and converted to H i column density maps using the expressions in Walter et al. (2008a) . The spatial resolution of VIVA data is approximately 15" (or ∼1.2 kpc at the distance of Virgo), and the typical sensitivity is ∼ 3 − 5 × 10 19 cm −2 in 3σ per 10 km/s channel. VIVA data show that (i) the galaxies located in the core of the cluster predominantly have truncated H i disks with some gas displaced from the galactic disk and (ii) some 7 out of the 50 sample galaxies (∼10%) show long, one-sided H i tails (Chung et al. 2007 ). These tails occur in galaxies located at intermediate projected distances between 0.5 and 1 Mpc from the cluster centre. From the sample listed in Table 1 
MORPHOLOGICAL PARAMETERS
Two morphological parameter schemes are now in wide use: Concentration-Asymmetry-Smoothness (CAS, Conselice 2003) and Gini-M20 (Lotz et al. 2004) . In an image with n pixels with intensities I(i, j) at pixel position (i, j), CAS the morphological parameters are defined as:
where r % is the radius which includes that percentage of the intensity of the object, I180(i, j) is the value of the pixel in the rotated image and IS(i, j) is the same pixel in the image after smoothing. Gini and M20 are defined as:
with
, where (xc,yc) is the galaxy's central position, and Ii is the intensity of pixel i in an flux-ordered list. Pixel k is the pixel marking the 20% point in this list.Ī is the mean pixel value. The Gini parameter is an indicator of inequality in the distribution of pixel values; Gini=1 is perfect inequality with one pixel containing all the flux from an object and Gini=0 is perfect equality with each pixel containing an equal fraction of the flux. Values in between indicate how concentrated the flux from this object is in a few bright areas. The M20 parameter is an indication whether or not the brightest parts of the object are close to the center or spread throughout the object.
In addition to these well-established parameters, we compute the Gini coefficient of the second order moment Ii×
, which we called GM (Holwerda et al. 2011c) . For all these parameters, we compute the uncertainty by varying the input centre the resolution and randomizing the pixel values. The exception is the Gini parameter as this does not rely on the centre as input. For the Gini error, we jacknife the pixel selection. For a more detailed description of these parameters, we refer the reader to the previous papers in this series (Holwerda et al. 2011b,c) and the original papers introducing these (Conselice 2003; Lotz et al. 2004 ). We compute these parameters for the area defined by the contour level of 1 × 10 19 cm −2 (the 1σ level). In Holwerda et al. (2011c) , we identified several parts of parameter space where tidally interacting galaxies reside for the WHISP sample. To identify the interacting galaxies, we used a subsample of 154 spirals and dwarf galaxies in WHISP, which have independent visual estimates of interaction from either Swaters et al. (2002) We defined three criteria based on the WHISP H i morphologies:
makred by the vertical dotted line in Figures 2 and 3, panels I, III, VI and X,
marked by the dotted line in Figures 2 and 3, panel V, and,
which is the dotted lines in Figures 2 and 3 , panel IX. These criteria select a merger from its H i morphology for different time scales. In Holwerda et al. (2011d) , we quantified the typical time scale for a merger to be selected by each of these criteria using H i maps of merger simulations (originally presented in Cox et al. 2006a,b) . These can be compared to merger simulations of an isolated disk, evolving passively. The comparison shows how long a merger is selected as well as the level of contamination by passive disks. At the resolution of the WHISP sample, interactions were identifiable as such by their H i morphology for about a Gyr. This is a similar time scale as the one for optical morphological identifications and better than the close pair method. Our goal is to explore if the above criteria could be applied to H i data in a denser environment, where many other phenomena play a role in the H i morphology as well as to explore how many of those other phenomena leave a signature in the H i morphology.
RESULTS: H i MORPHOLOGY
Figures 2 and 3 show the spread of morphological parameters for the entire VIVA sample with different morphological classifications from Chung et al. (2007 Chung et al. ( , 2009 . Table 1 lists all the values. Due to the combination of distance and resolution, the VIVA sample has the coarsest physical scales we have applied these morphological parameters to date. In Holwerda et al. (2011b) and Holwerda et al. (2011d) we showed that these parameters are relatively invariant with distances out to D∼20 Mpc and a resolution of 6", so the VIVA sample is effectively at the limit of this technique with current observatories.
We used the optical positions (J2000) of the galaxies reported in Chung et al. (2009) as the centre of the galaxy (xc,yc) to compute the parameters that depend on a central position (all except the Gini paramter). Our motivations are that the stellar disk marks the centre of the gravitational potential of a galaxy and kinematic and stellar centres generally align well (see Walter et al. 2008b; Trachternach et al. 2008) . Optical positions of the galaxies are a likely starting point for many of the future H i surveys and Chung et al. (2009) reported many tidal H i tails and displacements, which could be quantified using our morphological parameters. Thus, it is entirely possible that some of morphological values (e.g., Asymmetry) are extreme since the centre is not the barycentre of the flux, as is common for optical morphological measurements. Chung et al. (2009) supply extensive notes on the H i morphology and the nature of the H i stripping of individual galaxies. We have summarized these evaluations in Table 5 . Chung et al. (2009) note which galaxies are currently undergoing or have recently undergone stripping, as well as the likely origin of this stripping; ram pressure by the intracluster medium or tidal interaction with a close companion. In addition, they report a parameter for H i deficiency (defHI ; the galaxy's H i surface density compared to the value typical for spirals), a measure of H i truncation (DHI/DB; the ratio of the H i diameter over the optical, B-band one), and additional notes for indicators of warps in the H i morphology and velocity maps. Finally, Chung et al. (2009) also list the star-formation properties of their sample, as catalogued and classified by Koopmann & Kenney (2004a,b) ; the level of activity and whether it was recently cut-off (truncated star-formation). We have plot the spread of our morphological parameters with each of these estimates marked to explore if there are specific parts of parameter space that single out an H i disk characteristic, similar to the separation of interaction and non-interacting galaxies we found in the WHISP database. Figures 1, 2, and 3 , show the spread in parameters each with certain phenomena marked, so that they can be identified in the morphological parameter space. We discuss several H i morphological phenomena noted by Chung et al. below. Most of the VIVA sample disks are H i deficient (def HI < 1) and we mark those that are extremely so (def HI < 0.5); galaxies with half a dex or more below the typical H i surface density for their type of spiral (Haynes & Giovanelli 1984) . Typical values for concentration are 5 and above for H i disks in WHISP (Holwerda et al. 2011c,a) . Therefore the majority of the H i disks in VIVA are more than typically centrally concentrated; a low concentration value (C< 5) is a good sign of H i deficiency and, in addition, an extremely low concentration value (C<1) identifies half of the truncated H i disks.
Truncation and Deficiency
Figure 1 shows Gini versus Concentration for H i deficient and truncated H i disks. Both parameters are sensitive to how evenly the flux is distributed over the area of the disk and therefore could be sensitive to both these phenomena. To identify H i truncation, one could use the Concentration of the H i emission. We have found that values around or below C=1 seem to be very indicative of truncation; the radii containing 20 and 80 percent of the H i flux are very close together (Fig. 1, left panel) . Given that typical values for concentration in H i are much higher (typically C 5, Holwerda et al. 2011c,e) , this may be a good tracer of truncation in large H i surveys. A value of Concentration below unity selects half of the truncated galaxies in the VIVA sample very cleanly (12 out of 24 truncated disks with no contamination from non-truncated disks).
The H i deficiency is defined by the surface density compared to the average surface density for spirals (see equation 5 in Chung et al. 2009 ). The majority of VIVA galaxies are H i deficient (44 galaxies with defHI < 1). The low values of concentration (C < 5) appear to be indicative of this H i deficiency. In VIVA, those galaxies with extreme H i deficiency (defHI < 0.5) are not much more concentrated than moderately deficient ones (Figure 1, right panel) , at least at this resolution. We note that a C 5 criterion will select some 80 % of the H i deficient galaxies in the VIVA sample but their number is contaminated (17% of this selection is not H i deficient). In the upcoming large surveys this makes Concentration a quick assessor on whether or not a spiral has a typical H i content or not.
Interaction; H i Tails, and Ram-pressure
Nearly all the spirals in the Virgo cluster are undergoing, or have recently undergone, some type of interaction. Discerning between the dominant mechanism, tidal or rampressure, was a major focus of the work by Chung et al. (2009) and Vollmer (2009) . Several interaction related morphological phenomena (e.g., warps and H i tails) are noted by Chung et al. (2007) . Table 5 lists many galaxies with H i tails in the VIVA data and several with H i warps. One would expect that high values for the Asymmetry would identify H i tails ( Figure  2 ). However, because we used the optical centres listed by Chung et al. (2009) , Asymmetry is already at the maximum value for most of the VIVA galaxies (Figure 2 , panels IV-VII). We note however that the Asymmetry may still be a good indicator of (tidal) H i tails, but in less extreme or possibly better resolved cases. The M20-Gini selection criterion (see eq. 7) does reasonably separate those galaxies with H i tails from those which do not; 60 % of the H i tails identified by Chung et al. (2007 Chung et al. ( , 2009 ) are selected by this criterion (Figure 2, panel II) . However, these are about half the objects selected do not have an H i tail. Therefore, the Gini-M20 criterion can be used a likelyhood for an H i tail but it will suffer from contamination. Warps were identified predominantly by their kinematic signature in Chung et al. (2009) and no morphological parameter or combination seems to be able to identify them in the VIVA data. Figure 3 shows the same spread of morphological parameters as Figure 2 with the estimate we gleaned from Chung et al. (2009) whether or not the galaxy is stripped, undergoing ram-pressure, or undergoing tidal interaction. The sequence of stripping in the Virgo cluster according to Vollmer (2009) is indicated by the solid lines. This sequence of six Virgo galaxies does trace a track into and out of certain interaction criteria defined previously in the literature and the third paper in this series.
The extreme values for Asymmetry drive almost all of the VIVA galaxies into the Asymmetry-based merger selection space; the Asymmetry criterion from Conselice (2003) , the Asymmetry-Gini criterion from Lotz et al. (2010a) and our Asymmetry-M20 criterion from Holwerda et al. (2011c) (equations 6, 8, and 10 respectively). The extreme values for Concentration -linked to H i deficiency and truncation-similarly make the Concentration-M20 selection criterion (equation 11, Holwerda et al. 2011c) not applicable for merger se- lection. Only the Gini-M20 criterion (eq. 7) appears to separate objects with H i tails moderately as discussed above.
The GM criterion (eq. 9) is not contaminated by galaxies undergoing ram-pressure stripping but does not select tidal interactions well anymore either, something that we attribute to the native VIVA resolution (no visibility times found in Holwerda et al. 2011d , for the VIVA resolution).
Because stripping, H i deficiency and truncation are interlinked, there is the possibility that the Concentration selection criteria also will select those galaxies that are or have been stripped. Two effects move H i morphologies into the selection criteria: poorer resolution and additional effects such as the ram-pressure stripping. Given how the Vollmer sequence tracks into (and out again) of the merger selection criteria, we can conclude that galaxies undergoing ram-pressure stripping will sometimes be selected as interacting in a morphological selection in future H i surveys, at least those with spatial resolutions similar to VIVA. The addition of some galaxies that are undergoing stripping would, in part, explain the high merger fraction and rate we found in the WHISP survey (Holwerda et al. 2011a ). In Holwerda et al. (2011d) , we noted that the lower resolution data of the VIVA sample would have some problems selecting interacting systems from isolated ones, purely on the basis of their H i morphology ( Table 8 in the appendix). However, the success with which tidal H i tails could be separated is encouraging.
Therefore, in future medium-resolution H i surveys (e.g., WALLABY, Koribalski et al, in preparation), the selection of H i disks with disturbed morphology can be used as a first pass in a search for stripping or interacting galaxies and a merger fraction and rate will have to be corrected for the contamination by stripping galaxies. For example, those galaxies that are H i deficient can be removed before a merger rate is determined but that would bias against denser cluster environments (which do include more other interactions like ram-pressure stripping). A higher resolution survey of the Virgo cluster galaxies would resolve the population of tidally interacting galaxies. The separation of ram-pressure stripped galaxies from tidal interacting ones may then be possible without the removal of H i deficient ones.
Star Formation
We explored the link between the morphological parameter space of H i and the star-formation and truncation of starformation as listed in Table 3 in Chung et al. (2009) . Relations are weak as the H i gas is undergoing several other effects other than feedback from star-formation but it is interesting to note that those galaxies with little star-formation also have lower values of Gini for H i (i.e., they are more homogeneous).
CONCLUDING REMARKS
In this paper, we present the morphological parameters commonly used in the optical, applied to the H i column density maps of Virgo Cluster galaxies obtained by the VIVA program. We find that the resolution of these observations (∼15" or 1 kpc) is on the coarse side for this type of analysis but some H i morphological phenomena are identifiable, though with limitations. A critical choice is whether or not to use the optical or the H i centres for these galaxies, one that every H i survey will have to make. The choice of centre affects measures such as concentration, M20, GM, and especially Asymmetry. Alternatively, one could use the barycentre of the H i emission itself but the optical centre is most likely the centre of the dark matter halo of the galaxy and this approach would likely miss H i displacements like tidal tails. We find that of the H i morphological phenomena, H i deficiency and truncation can be identified easily by a low value of the concentration index (Figure 1 ). Warps could not be identified using the morphology parameters and H i tails can be identified moderately well with the combined Gini and M20 interaction criterion (eq. 7 & Figure 2 , panel II) from Lotz et al. (2004 Lotz et al. ( , 2008 .
Galaxies that are interacting are still identified by some of the morphological criteria from the literature (Conselice 2003; Lotz et al. 2004) and those identified by us specifically for H i in Holwerda et al. (2011c) (eq. 6 -11) . However, galaxies affected by ram-pressure stripping are ofttimes also selected by these criteria. For example, we note that the ram pressure sequence identified by Vollmer (2009) tracks into the interaction part of the parameter space for many of the morphological selection criteria (solid tracks in Figure 3) . Discerning between the origin of the H i stripping -ram pressure or tidal-is, however, not possible with these morphological parameters, at least at VIVA's spatial resolution. Thus any selection of interacting systems in a survey based purely on the H i morphology parameters will include those that are undergoing ram-pressure stripping in a denser environment. A straightforward correction would be to exclude all H i deficient (C < 5) galaxies from a morphological selection of interacting galaxies. 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 IC 3355 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 NGC 4419 0.328 ± . . . 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 IC 3392 0.320 ± 0. 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 NGC 4536 0. 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 NGC 4694 0.297 ± 0.011 -0.693 ± 0.037 0.966 ± 0.501 2.000 ± 0.000 0.377 ± 0.054 0.581 ± 0.099 NGC 4698 0.227 ± 0.003 -0.739 ± 0.014 3.115 ± 0.312 2.000 ± 0.000 0.145 ± 0.008 0.583 ± 0.021 NGC 4713 0.398 ± 0.005 -0.695 ± 0.008 2.082 ± 0.149 2.000 ± 0.000 0.110 ± 0.021 0.202 ± 0.045 NGC 4772 0.460 ± 0.007 -0.734 ± 0.061 2.733 ± 0.424 2.000 ± 0.032 0.329 ± 0.049 0.511 ± 0.075 NGC 4808 0.498 ± 0.010 -0.696 ± 0.016 2.883 ± 0.481 2.000 ± 0.000 0.151 ± 0.049 0.417 ± 0.111
